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ABSTRACT
The progenitors of Type IIP supernovae (SNe) are known to be red supergiants, but their prop-
erties are not well determined. We employ hydrodynamical modelling to investigate the explosion
characteristics of eight Type IIP supernovae, and the properties of their progenitor stars. We create
evolutionary models using the MESA stellar evolution code, explode these models, and simulate the
optical lightcurves using the STELLA code. We fit the optical lightcurves, Fe II 5169A˚ velocity, and
photospheric velocity, to the observational data. Recent research has suggested that the progenitors
of Type IIP SNe have a zero age main sequence (ZAMS) mass not exceeding ∼ 18 M. Our fits give
a progenitor ZAMS mass ≤ 18 M for seven of the supernovae. Where previous progenitor mass
estimates exist, from various sources such as hydrodynamical modelling, multi-wavelength observa-
tions, or semi-analytic calculations, our modelling generally tends towards the lower mass values.
This result is in contrast to results from previous hydrodynamical modelling, but is consistent with
those obtained using general-relativistic radiation-hydrodynamical codes. We do find that one event,
SN 2015ba, has a progenitor whose mass is closer to 24 M, although we are unable to fit it well.
We also derive the amount of 56Ni required to reproduce the tail of the lightcurve, and find values
generally larger than previous estimates. Overall, we find that it is difficult to characterize the
explosion by a single parameter, and that a range of parameters is needed.
Keywords: hydrodynamics — methods: numerical — radiative transfer — stars: evolution — su-
pernovae: general
1. INTRODUCTION
Supernovae (SNe) are divided into various
types based on their spectra and sometimes
their lightcurves (Turatto 2003). SNe of Type
II show H lines in their spectrum, and are
thought to be all core-collapse, i.e. those which
arise from the explosion of massive stars & 8
M. SNe of Type I do not show H lines in their
spectrum. Of the SNe that comprise this cat-
egory, Type Ia’s are presumed to arise from
Corresponding author: Vikram Dwarkadas
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white dwarfs in binary systems (Hillebrandt
et al. 2013). SNe of Type Ib and Ic do not
show H (Ib), and He (Ic) lines in their spectra.
The lack of H and He envelopes had early on
pointed to high-mass Wolf-Rayet (W-R) star
progenitors (Gaskell et al. 1986), which are
stripped of their H and He envelopes. It is also
possible that they may arise from somewhat
lower mass-stars in a binary system, where the
companion star is responsible for mass being
stripped off the progenitor. In either case it is
clear that they arise from the core-collapse of
a massive star.
ar
X
iv
:1
90
6.
07
31
1v
1 
 [a
str
o-
ph
.H
E]
  1
7 J
un
 20
19
2 Ricks and Dwarkadas
Type IIP SNe, which show a plateau in their
optical lightcurves, are the most common type
of core-collapse SN (Smartt et al. 2009; El-
dridge et al. 2013). Observations show that
they comprise almost 50% of total core-collapse
SNe. The progenitors of Type IIP SNe are
well established as being red supergiant (RSG)
stars (see for example Smartt 2009). Red su-
pergiants are post-main-sequence massive stars
that have finished burning H and are in the
He burning phase. Stars up to about 30 M
will end their lives as RSG’s, giving rise to IIP
or perhaps IIL (which show a linear drop in
the lightcurve, in contrast to the plateau seen
in the IIPs) SNe (Ekstro¨m et al. 2013). Stars
with initial mass above 30 M, but lower than
about 40 M, may pass through a RSG phase
but end their lives as Wolf-Rayet stars. The
range may vary somewhat depending on the ac-
tual mass-loss rates of these stars throughout
their evolution, and factors like rotation and
magnetic fields, which are only recently being
taken into consideration.
The fates of massive stars, and the progen-
itors of the various types of SNe, are an ac-
tive area of research (Gal-Yam et al. 2007).
Even though several thousand SNe are known,
the relationship between the massive stars that
core-collapse and the type of SNe that they go
on to form is not well established. In this con-
text, it may seem that the IIPs are in a special
position, as their progenitors are clearly red su-
pergiants, and the SNe themselves are visibly
identifiable via the plateau in their lightcurves.
But the parameters that determine the prop-
erties of the lightcurve, such as its shape, the
duration and luminosity of the plateau, and the
emission beyond the plateau, their relation to
the stellar parameters, especially the zero age
main sequence (ZAMS) stellar mass, and the
SN explosion parameters, such as the explosion
energy and 56Ni mass, are not well understood
(Faran et al. 2014; Nakar et al. 2016).
Early observations of SN progenitors sug-
gested progenitor masses of Type IIP’s gener-
ally below 20 M (Li et al. 2006; Hendry et al.
2006; Li et al. 2007), leading to suggestions
that Type IIP SNe arose from progenitors < 20
M (Li et al. 2007). This was better quantified
by Smartt (2009) who found, in their study of
optically identified Type IIP SN progenitors,
that IIP progenitors did not seem to exceed
16.5 ± 1.5 M. This has come to be known as
the red supergiant problem. Yoon & Cantiello
(2010) found that pulsationally driven super
winds could change the evolution of a star of
initial mass > 19M, causing it to become a Ib
or IIb SN, or perhaps even a IIn, but no longer
a IIp. Ekstro¨m et al. (2012) suggested an-
other possibility, that the outer layers could ex-
ceed the Eddington limit, resulting in enhanced
mass-loss. Whatever the reason, Georgy et al.
(2012) showed that with an enhanced mass-loss
rate, rotating stars above 16.8 M, and non-
rotating stars above 19 M, would end their
lives as W-R stars rather than as RSGs, and
would not give rise to IIP SNe. Horiuchi et al.
(2014) and Kochanek (2015) suggested that the
RSG problem may be understood if stars above
a certain mass limit collapse directly to black
holes, and that the value of the compactness
parameter may determine the boundary be-
tween successful and failed explosions. There
have also been suggestions that dust extinction
(Walmswell & Eldridge 2012), or the increasing
bolometric correction (Davies & Beasor 2018),
have not been properly taken into account and
could help to mitigate the problem.
Dwarkadas (2014) showed, from an analysis
of X-ray lightcurves of SNe, that the lack of
X-ray bright Type IIPs seemed to indicate an
upper mass-loss limit, and thereby an upper
mass limit, of about 19 M for IIP progen-
itors. Smartt (2015), using a larger sample,
reassessed the optical data and concluded that
the problem was even more severe, that ob-
served populations of supernovae in the local
universe are not produced by stars > 18 M,
and that most stars with initial masses above
this value would collapse directly to black holes
without leaving a visible SN. The latter as-
sumption has also received some support from
theoretical calculations of stellar collapse by
Sukhbold et al. (2016), who have found that
only about 10% of SNe arise from stars with
ZAMS masses > 20M. Observations of a
RSG in NGC 6946 that faded away over a
decade, with no indications of a SN explosion
or debris (Adams et al. 2017), have provided
further impetus to this line of reasoning.
A very large dataset of confirmed progenitor
masses of SNe is needed to decipher how mas-
sive stars end their lives, if (and whether) they
core-collapse to a SN or go directly to black
holes, and what type of SN results from this.
Unfortunately, confirming progenitor masses
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is a very difficult task. Several efforts are
underway to optically detect SN progenitors
(Smartt et al. 2009; Smartt 2015; Elias-Rosa
2016; Maund 2017; Van Dyk 2017). While di-
rect optical identification of progenitors con-
tinues, it is a slow and time-consuming process
that depends on the availability of high resolu-
tion imaging in the past.
There also exist indirect ways of learning
more about the SN explosion and progeni-
tor. One of these is by modeling the optical
lightcurves of the SN starting from the evolu-
tion of the pre-SN star. Type IIP SNe are char-
acterized by a distinct and long-lasting (several
months) plateau in their optical lightcurve. Pa-
rameters involved in simulating the lightcurve,
such as the initial rise, plateau luminosity, du-
ration of the plateau, and slope of the tail, can
provide information on various explosion pa-
rameters such as the 56Ni mass, explosion en-
ergy, and the presence of circumstellar material
around the SN. The evolution of the star, its
collapse to form a SN, and the accurate mod-
elling of the lightcurve, can provide a measure
of the initial ZAMS mass. Hitherto, this has
always been a time-consuming and computa-
tionally expensive endeavor, requiring several
steps:
1. Modelling the evolution of the high mass
star (that gave rise to the SN) up to core
collapse, using a stellar evolution code.
2. Modelling the explosion of the star to
give rise to a SN.
3. Using a radiation hydrodynamics code to
model the SN lightcurve.
4. Reiterating steps 1-3 till a good model fit
is obtained.
Recent advances have however made such cal-
culations more feasible. The release and con-
tinued development of the MESA code (Pax-
ton et al. 2011, 2013, 2015, 2018) has pro-
vided astronomers with access to a modern
stellar evolution code that includes a variety of
physics, and the ability to construct models for
stars of most initial masses and metallicities,
taking various mass-loss prescriptions into ac-
count. The SNEC code (Morozova et al. 2015)
was made available to model the explosion of
SNe and calculate the resulting lightcurve in
various bands. The combination of MESA and
SNEC has been used by several authors (Mo-
rozova et al. 2016; Das & Ray 2017; Patnaude
et al. 2017). More recently, Paxton et al. (2018)
have provided a complete recipe to accom-
plish this task by combining the MESA code
with a reduced version of the STELLA code
(Blinnikov et al. 1998; Blinnikov & Sorokina
2004; Blinnikov et al. 2006), which allows for
all of the steps necessary in calculating the
lightcurves to be completed entirely within the
MESA framework. This development allows
for the entire process, from the initiation of the
stellar model to the production of the optical
lightcurve, to be accomplished in less than a
day. As is to be expected, MESA cannot deal
with each step in all its complexity. In partic-
ular it does not attempt to model the micro-
physics of the SN explosion itself, which would
be a huge task. Instead, the model star is ex-
ploded through a mechanism that artificially
imparts the required energy and some other
parameters, thus leaving some freedom in how
these are calculated. We note that this is not
unusual - a similar technique is utilized in the
SNEC code for example. The method used in
MESA is further described in §2.
In this paper our goal is to explore the prop-
erties of recent Type IIP SN explosions, to eval-
uate both the explosion characteristics as well
as the properties of the exploded star, to study
the relationships, if any, between the factors
that determine the shape and luminosity of the
IIp lightcurve and the properties of the SN ex-
plosion, and to unearth the progenitor mass.
In order to accomplish this, we use the combi-
nation of MESA and STELLA codes to sim-
ulate the lightcurves of several Type IIP SNe,
and compare to the observations. A good fit to
both the lightcurves and photospheric veloci-
ties allows us to constrain the explosion and
stellar properties and to thereby determine the
progenitor mass. In §2 we outline the basic
procedure used in calculating the lightcurves
with MESA and STELLA. §3 displays the
application of this technique to match the ob-
served lightcurves, and photospheric velocities,
for a set of Type IIP SNe. Each SN is dis-
cussed in detail. §4 displays the relationships
between various parameters, including stellar
mass, 56Ni mass, and explosion energy from
our work, and compares them to those in the
literature. Finally, §5 summarizes our research,
discusses further prospects, and revisits the
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conclusions for the progenitors of Type IIP
SNe.
2. USING MESA AND STELLA TO
COMPUTE LIGHTCURVES
MESA is a state-of-the-art, one-dimensional,
modular, open-source suite for stellar evolution
(Paxton et al. 2011, 2013, 2015, 2018). A va-
riety of physics modules are included, which
allow for modelling of single stars as well as
those in binary systems. The suite of tools has
recently been extended (Paxton et al. 2018) to
include the explosion of massive stars and the
modelling of SN lightcurves. In the present
work, done using the 10398 release of MESA,
the code is used to model the evolution of high
mass stars (> 8 M) from the proto-stellar
phase until they form an Fe core, at which
point they eventually core collapse as SNe.
MESA then simulates the SN explosion by re-
moving the proto-neutron star, allowing the
model to continue infall until its inner bound-
ary reaches 200 km, and then injecting a spec-
ified amount of energy into a thin layer near
this inner boundary to induce the explosion.
Because the explosion is not explicitly mod-
eled, the user must also specify the total mass
of synthesized 56Ni, whose value is adjusted in
our calculations such that the simulated light
curves match the observed ones. MESA han-
dles the SN shock propagation until just before
breakout, at which point STELLA takes over.
STELLA models the breakout itself and
the shock interaction with circumstellar mate-
rial through the nebular phase. It computes
the primary SN observables over this period.
The limited version of STELLA packaged
with MESA includes 40-200 frequency groups,
which is adequate to produce lightcurves, but
not SN spectra. Therefore in this paper we
have chosen to compare the models to ob-
servations of the lightcurves. STELLA pro-
vides not only the total bolometric lightcurve,
but also lightcurves in the U, B, V, R, and I
passbands (Bessell 2005). As pointed out in
Paxton et al. (2018), comparing the simulated
lightcurves with the observational ones using
the UBVRI filters, and the resulting (quasi)-
bolometric lightcurves, can result in a degen-
eracy in the progenitor mass. This degeneracy
can in many cases be removed by modelling
the photospheric velocity in addition to the op-
tical lightcurve (although see Goldberg et al.
(2019)). Since the photospheric velocity itself
is not observable, the Fe II 5169A˚ velocity is
used as a proxy for the photospheric velocity.
The photospheric velocity is generally calcu-
lated at an optical depth of τ = 2/3, whereas
the velocity of the Fe II line is calculated in the
Sobolev approximation, using a Sobolev optical
depth τSob = 1. The Sobolev approximation,
and the resulting value of τSob used in MESA
is valid in so far as the ejecta are expanding
homologously. Homologous expansion however
is not reached until roughly 20-30 days post
explosion (Paxton et al. 2018). Therefore the
Fe II velocities are not calculated de facto in
the MESA code prior to 25 days. While it
is possible to calculate them at earlier times,
the numbers are unphysical and invalid if ex-
pansion is not homologous. In order to com-
pare to the observed Fe II 5169 A˚ velocity at
these early times, we therefore use the photo-
spheric velocity calculated at an optical depth
τ = 2/3. In our plots we therefore show both
calculated velocities: the Fe II 5169 A˚ velocity
from day 25 onwards, and the photospheric ve-
locity from the time of explosion. Although the
Fe II velocities tend to be higher than the pho-
tospheric velocities during the plateau phase,
Paxton et al. (2018) note that there should be
little difference between the two at early times.
In summary, for each SN, we model the quasi-
bolometric lightcurve, the lightcurves in the
UBVRI Johnson filters (or any of these that
are provided) the Fe II 5169A˚ velocity, and the
photospheric velocity.
We use the MESA test suite in-
lists example_make_pre_ccsn and
example_ccsn_IIp to model the evolu-
tion of the star until the core-collapse SN
phase. The main parameters that we vary are
the ZAMS mass, mass-loss efficiency and the
rotation velocity. Unless otherwise specified,
all models referenced in this paper assume
solar metallicity. For all models, overshooting
and mixing length parameters are the same
as given in the MESA defaults: fov = 0.01,
f0,ov = 0.004, and αMLT = 3.0.
As an example of the stellar evolution mod-
elling, in Figure 1 we show the HR diagram
for the evolution of the progenitor star of SN
2014cx. From our lightcurve modelling, the
best fit was produced for a progenitor ZAMS
star of mass 12 M. The evolutionary track
found from the model is as expected for the
lightcurves of IIP SNe 5
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Figure 1. The evolutionary HR diagram for the
best-fit MESA progenitor model corresponding to
SN 2014cx.
evolution of a 12 M star (see for instance Ek-
stro¨m et al. (2012)) which spends most of its
life in the main sequence and ends its life as a
red supergiant, giving rise to a Type IIP SN.
The parameters of this star can be found in
Table 1.
In Figure 2 we show the final density dis-
tributions (just before explosion) for the eight
SN progenitor models computed in this paper.
MESA allows a specified amount of circum-
stellar material (CSM) around the SN to be
included, and we have found that doing so gen-
erally produces a better fit at early epochs, as
was noted by Morozova et al. (2018). This ma-
terial, added by MESA just before the handoff
to STELLA and presumably ejected in liter-
ally the last couple of years of the star’s life,
has been found necessary to fit the initial light
curves.
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Figure 2. The density distributions of the best-fit
MESA progenitor models for all eight SNe investi-
gated in this paper, just before explosion.
Once the stellar evolution model is com-
pleted, the SN is allowed to explode. Param-
eters for the explosion itself, such as total en-
ergy injection, and total 56Ni mass, are ad-
justed till a good match between the simu-
lated and observed lightcurves is obtained. The
lightcurves and Fe II velocities computed by
STELLA are compared to the observations,
and the model is refined until a suitable match
is found. Although parameters for SNe that
have been modelled by other authors are given
in the literature, there is considerable variation
between these, and we do not regard these as
a viable starting point. The effect of varying
some parameters can be found in Paxton et al.
(2018), although the cumulative effect of vary-
ing several parameters at a time can be more
complex.
The number of variables involved in generat-
ing the lightcurves is extremely large. Tables 1
and 2 list the major parameters that were var-
ied, but there may be cases where other stel-
lar parameters or explosion parameters may
be needed. While one method of fitting ob-
served and simulated lightcurves is to generate
a large grid of lightcurves encompassing the en-
tire range of values, this is not computationally
feasible given the enormous range. Instead, we
have chosen to use a combination of science,
brute force, and our own experience in fitting
the lightcurves, with the help of the parameter
variations shown in Paxton et al. (2018) and a
preliminary study. Inspecting the lightcurves
and Fe II velocity, we decide on a range of ini-
tial values to use, and then continually refine
the parameters until what we deem is a rea-
sonable fit is obtained. Often, as will be seen,
the decision is not so clear, because a single
parameter may make the bolometric or UB-
VRI lightcurves better but the velocity worse,
or vice versa, leaving us to determine which one
should be given more weight, or find a compro-
mise. Given our eyeballing technique, we have
not attempted to make any quantitative mea-
surements of the goodness of fit.
Morozova et al. (2018, hereafter M18) have
modelled the lightcurves of Type IIP SNe using
the KEPLER stellar evolution code combined
with the SNEC radiation hydrodynamics code.
They have used a two-step fitting method em-
ploying a restricted grid of parameters, which
they compare to the lightcurves. They did not
compute and compare to photospheric veloci-
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ties. For those SNe that are common between
the two papers, we have provided a comparison
between our results and theirs.
3. LIGHT-CURVE FITS FOR SNE
As mentioned above, our standard technique
involves fitting the quasi-bolometric lightcurve
(a bolometric lightcurve derived from the indi-
vidual U, B, V, R, and I color curves), the U,
B, V, R, and I color curves themselves, and the
FeII 5169 A˚ velocity. In this section we present
the results of modelling the lightcurves of a set
of SNe. After presenting the best-fit models
for each SN, we compare our findings to prior
results.
In total we have considered eight SNe. Two
of these, SN 1999em and SN 2004et, were cho-
sen because they have been well studied in the
past, and allow us to compare our simulated
parameters with those reported in the litera-
ture. We use these to verify that the MESA
and STELLA computations provide reason-
able results that fall within the range of ac-
ceptable values. It also allows us to check
the agreement between the derived parameters,
and those obtained via other means such as
optical identification of progenitors, theoreti-
cal and multiwavelength modelling, or hydro-
dynamical simulations.
Having assessed the validity of the MESA re-
sults, we proceed to tackle six more SNe which
have not been widely studied in the literature.
Some of these SNe have been reported as hav-
ing progenitor masses in excess of 18 M, such
as SNe 2014cx, ASASSN-14dq, 2015ba, and
2016X. For each SN, we present fits to the UB-
VRI quasi-bolometric lightcurve, individual U,
B, V, R and I color curves, and Fe II 5169 ve-
locities. Our set of SNe is constrained by the
requirement that all of this observational data
be available to us. For many SNe, this was
not the case as no tables were provided. Of-
ten the photospheric velocities were missing,
as well as one or more of the necessary color
curves. We made a minor exception in the case
of SN 2015ba, a SN with a very interesting light
curve that we decided to include despite its lack
of data in the U, R and I bands. We have also
tried to include a variety of SNe, and discarded
those with similar lightcurves and photospheric
velocities to one already in our set. All quasi-
bolometric lightcurve and Fe II 5169 observa-
tional data referenced throughout this paper
have been digitized from available figures. Our
STELLA runs used 120 frequency bins rather
than the default 40 to better model the indi-
vidual color curves.
Tables 1 and 2 summarize the parameters and
properties for the evolutionary models, and for
the SN explosion, from our light-curve fitting.
Table 1 lists the model parameters, especially
the zero age main sequence mass, the rotation
velocity (as a function of the critical velocity),
the metallicity, and the wind efficiency. Ta-
ble 2 gives the explosion parameters, such as
the mass and radius of the star prior to explo-
sion, the core mass, the wind properties that
gave rise to the circumstellar material, the ex-
plosion energy, the 56Ni mass and the plateau
luminosity. We note that in what follows, we
refer to the explosion energy of 1051 erg as 1
foe, as is often done in the literature. UT dates
are used throughout this paper.
3.1. SN 1999em
SN 1999em is a typical Type IIP SN that
was discovered on 1999 Oct 29.44 UT in NGC
1637. We use 1999 Oct 24 (JD 2451476.0) as
the explosion date, following Elmhamdi et al.
(2003). Its plateau luminosity (Figure 3) is
comparable to the average Type IIP (Figure
11), and the plateau duration is typical of the
SNe presented here. We adopt a distance of
11.7 Mpc, and reddening EB−V = 0.10 mag,
as found by Leonard et al. (2003) using the
standard-candle method. We assume the ratio
of total-to-selected extinction to be RV = 3.1
(Cardelli et al. 1989), giving a total line-of-
sight extinction of AV = 0.31. We compare
our model to UBVRI observational data from
Leonard (2002) and Elmhamdi et al. (2003),
with the quasi-bolometric lightcurve and Fe
II 5169 velocity data digitized from figures in
Huang et al. (2016, herafter H16).
The best-fit MESA model for this SN, shown
in Figure 3, provides very good agreement with
the observed plateau and tail luminosities, as
well as the plateau duration. We find a ZAMS
mass of 14 M for the progenitor. Our results
for the progenitor mass are comparable with
those obtained via optical progenitor detection
(Smartt 2009), and those derived from X-ray
and radio lightcurves (Pooley et al. 2002). The
results are also consistent with the mass (12-
14 M) and explosion energy (0.5-1 ×1051 erg)
calculated by Elmhamdi et al. (2003) using the
lightcurves of IIP SNe 7
Table 1. Properties and parameters of SN progenitor models.
The “SN” column lists the supernova whose progenitor is be-
ing modelled. MZAMS is the ZAMS mass of the progenitor,
(ν/νc)ZAMS is the rotation velocity of the star in terms of the
critical rotation velocity, Z is the initial metallicity and ηwind is
the scaling factor for mass-loss efficiency during stellar evolution.
SN MZAMS [M] (ν/νc)ZAMS Z ηwind
1999em 14 0.2 0.02 1.0
2004et 16 0 0.02 0.8
2009bw 18 0 0.02 0.8
2013ab 11 0.35 0.02 1.0
2014cx 12 0.35 0.02 1.0
ASASSN-14dq 13 0.25 0.014 1.0
2015ba 24 0 0.02 0.4
2016X 11 0.35 0.02 1.0
Table 2. Properties and parameters of the SN explosion models. The “SN” column lists the supernova
being modelled. Mexp is the progenitor mass at the time of explosion, Mej is the ejecta mass and Rexp is the
progenitor radius at the time of explosion. tCSM is the number of years for the CSM wind artificially placed
outside the model, M˙CSM is the mass loss rate from this wind, and vCSM is the wind velocity. Eexp is the
total energy injected into the model during the SN explosion, while M56Ni is the total
56Ni mass. The last
column gives the bolometric luminosity of the optical lightcurve at 50 days post-explosion.
SN Mexp Mej Rexp tCSM M˙CSM vCSM Eexp M56Ni log(Lpl/L)
[M] [M] [R] [yr] [M yr−1] [km s−1] [1051 erg] [M]
1999em 11.83 10.28 682 1.4 0.15 10 0.55 0.075 8.51
2004et 13.69 11.87 792 1.4 0.30 10 0.90 0.100 8.67
2009bw 16.27 14.26 911 1.4 0.30 10 0.64 0.060 8.52
2013ab 9.57 8.07 536 1.4 0.15 10 0.65 0.065 8.54
2014cx 10.14 8.66 636 1.4 0.15 10 0.70 0.100 8.62
ASASSN-14dq 11.41 9.93 629 1.4 0.30 10 0.95 0.075 8.67
2015ba 22.58 20.17 784 1.4 0.50 10 0.85 0.050 8.59
2016X 9.57 8.07 536 1.4 0.30 10 0.60 0.036 8.52
plateau brightness and duration and the expan-
sion velocity. Elmhamdi et al. (2003) however
used a distance of 7.8 Mpc calculated by the
Expanding Photosphere Method. Their values
for 56Ni mass (0.02 M) and presupernova ra-
dius (120-150 R) differ significantly from our
results.
M18 found a ZAMS mass ranging from 20
to 21.5 M, and an explosion energy of 0.47
± 0.05 foe, depending on the amount of 56Ni
mixed in. In this case our explosion energy is
in agreement with M18, but their ZAMS mass
is 50% higher. The reason for this discrepancy
between their modelling and ours is unclear, al-
though it is possible that our modelling of the
photospheric velocity contributes to our lower
mass. It is clear from the results of Morozova
et al. (2016) that there exist substantial differ-
ence between the MESA + SNEC models as
compared to the KEPLER + SNEC models,
and we expect that these differences are further
exaggerated when using MESA + STELLA.
We remark on this further in §4.
3.2. SN 2004et
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Figure 3. Comparison of the best-fit MESA
model with observational data for SN 1999em.
From top-to-bottom, the figure shows the time evo-
lution of the UBVRI quasi-bolometric lightcurve,
the individual U, B, V, R and I color curves, the
Fe II 5169 velocity, and the photospheric velocities.
MNi refers to the
56Ni mass.
SN 2004et was discovered by S. Moretti at
about 12.8 mag in NGC 6946 on 2004 Septem-
ber 27. It is a bright SN, and one of the bet-
ter studied SNe included in this paper. We
use 2004 September 22.0 (JD 2453270.5) as the
time of explosion for SN 2004et throughout this
paper, following Li et al. (2005). They also
found a distance of 5.5 Mpc and extinction Av
= 1.27 mag, which we adopt here. For this
SN we use observational data taken from Sahu
et al. (2006). Progenitor mass estimates in the
literature for this SN have encompassed a wide
range. Various estimates that have been men-
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Figure 4. Same as Figure 3, but for SN 2004et
tioned include: 15+5−2 M by Li et al. (2005) ob-
tained by comparing the intrinsic color and ab-
solute magnitude to stellar evolutionary tracks;
10-20 M, but closer to 20 M, by Misra
et al. (2007) using the relations between vari-
ous explosion parameters derived by Litvinova
& Nadezhin (1985) and Popov (1993); ∼ 20
M by Chevalier et al. (2006), by modelling
the radio and X-ray lightcurves; 27± 2 M by
Utrobin & Chugai (2009) using hydrodynamic
modelling; 9+5−1 M by Smartt (2009) using di-
rect optical progenitor detection; < 15 M by
Jerkstrand et al. (2012) by modelling the late-
time spectra; and 16.5 M by M18. Our best-
fit model (Figure 4) has a ZAMS mass of 16
M, falling in the middle of the deduced range
of values. It is in agreement with values ob-
tained by Li et al. (2005); Misra et al. (2007);
Jerkstrand et al. (2012), and M18, and close to
lightcurves of IIP SNe 9
the value obtained from direct progenitor de-
tection. It is however lower than that found by
Utrobin & Chugai (2009), who employed hy-
drodynamical modelling. A possible reason is
that Utrobin & Chugai (2009) used what they
term a non-evolutionary stellar model. Our ex-
plosion energy and 56Ni mass estimates exceed
those found by other methods. However the
good agreement between the simulated and ob-
served lightcurves using these parameters, at
all but the earliest epochs, suggests that our
higher estimates are justified.
3.3. SN 2009bw
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Figure 5. Same as Figure 3, but for SN 2009bw.
SN 2009bw has an unusual lightcurve, with
a bright initial peak followed by a long, flat
plateau which falls off sharply at around 138
days post explosion. It was discovered in UGC
2890 on 2009 March 27.87, leading to an as-
sumed explosion date of ∼ 2009 March 25 (JD
2454917.0) (Inserra et al. 2012). Inserra et al.
(2012) used hydrodynamical modeling to esti-
mate an ejecta mass of 8.3-12 M, an explo-
sion energy of 0.3 foe, and a 56Ni mass of
0.022 M. We compare our model to observa-
tional data from this paper. Our best-fit model
(Figure 5), which adopts the distance of 20.2
Mpc and total reddening EB−V = 0.31 mag
used by Inserra et al. (2012), gives an ejecta
mass of 14.26 M (from a ZAMS mass of 18
M), an explosion energy of 0.64 foe and a
56Ni mass of 0.060 M. The fit to the quasi-
bolometric lightcurve is poor compared to some
of the other SNe we investigate in this paper,
though the individual color curves and the Fe
II velocities also show a fairly good fit. We
were unable to simulate the early peak in the
lightcurve alongside the less luminous plateau,
even with the addition of a large amount of
CSM. The quick rise time is also poorly repro-
duced by the model. The model does manage
to reproduce the plateau luminosity (especially
in the V, R, and I curves) and length, as well as
the decline rate in the nebular phase (specifi-
cally the late-time rate) and the Fe II velocities.
We note that the best fit obtained by Inserra
et al. (2012) was equally poor, if not worse.
They have suggested that weak circumstellar
interaction may be playing a role in defining
the lightcurve.
3.4. SN 2013ab
SN 2013ab was discovered on 2013 Febru-
ary 17.5, by Blanchard et al. (2013) in the
galaxy NGC 5669. An explosion date of 2013
February 16.5 (JD 2456340.0) is adopted from
Bose et al. (2015), who assume a distance to
the galaxy of 24 Mpc, with a total extinction
Av = 0.14 mag. All observational data are
taken from Bose et al. (2015). The SN ex-
hibits a noticeably similar lightcurve to that
of SN 1999em, with a slightly shorter plateau
phase. Its Fe II 5169A˚ velocity is also some-
what higher than that of SN 1999em for the
first 80 days. Bose et al. (2015) calculated
a total 56Ni mass of 0.064 M by compari-
son to SN 1987A, and from the tail luminosity
(Hamuy 2003). They then used a general rela-
tivistic, radiation-hydrodynamical model to es-
timate the progenitor mass at explosion of 9
M and a radius of 600 R, with an explosion
10 Ricks and Dwarkadas
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Figure 6. Same as Figure 3, but for SN 2013ab.
energy of 0.35 foe. M18 found a progenitor
ZAMS mass of 11.5 M and an explosion en-
ergy of 0.84 foe, although they did allow for a
somewhat lower energy with a different degree
of 56Ni mixing. Our values are in good agree-
ment with these, though the explosion energy
in both our (0.65 foe) and M18 calculations
exceeds that of Bose et al. (2015). Our energy
value arises primarily from fitting the Fe II ve-
locity. Bose et al. (2015) used the Sc II lines
to obtain the photospheric velocity, which is
reasonable, but their best fit model (Figure 18
in their paper) clearly underestimates the ve-
locity. They do consider a higher energy (0.6
foe, which would agree more with ours) to bet-
ter match the velocities, but find that it makes
the light curve fit much worse by lengthening
the plateau phase. In our simulated model the
progenitor star is rotating at 35% of the criti-
cal velocity, an assumption that was not made
in other analyses. The resulting model fits the
observations remarkably well (Figure 6).
3.5. SN 2014cx
40.5
41.0
41.5
42.0
42.5
lo
g(
L b
ol
) [
er
g 
s
1 ]
2014cx
Observations
Model
20.0
17.5
15.0
12.5
10.0
7.5
5.0
A
bs
ol
ut
e 
m
ag
ni
tu
de
0 25 50 75 100 125 150 175
Time [days]
0
2
4
6
V
el
oc
ity
 [1
00
0 
km
 s
1 ]
MZAMS = 12 M
 E = 0.70 foe
 MNi = 0.10 M
Fe II 5169 Observations
Fe II 5169 (Model)
Photosphere (Model)
I-2
R-1
V
B+1
U+3
Figure 7. Same as Figure 3, but for SN 2014cx.
SN 2014cx (ASASSN-14gm) was discovered
on UT 2014 September 2 in NGC 337 by
Holoien et al. (2014) and Nakano et al. (2014).
It was likely discovered within 1 day after the
explosion, and has an estimated explosion time
of JD 2456902.4. Classification as a Type IIP
followed by Elias-Rosa et al. (2014) and An-
drews et al. (2015). We adopt for the host
galaxy a distance of 18 ± 3.6 Mpc, and a to-
tal extinction of Av = 0.31 mag, as used in
H16. H16 deduced a 56Ni mass of 0.056 ±
0.008 M from comparison to SN 1987A, or
using the analytical formula derived by Hamuy
lightcurves of IIP SNe 11
(2003). Using hydrodynamical modelling, they
found a mass at explosion of ∼ 10 M and a
radius of 680 R, with an explosion energy of
0.4 foe. On the other hand, also using hydro-
dynamic modelling, M18 found a ZAMS mass
of > 22 M and an energy of 0.66 ± 0.04 foe.
Our simulated model, compared to the obser-
vational data from H16, reproduces the lower
mass estimate of H16. However we find that
a higher energy, as given by M18, is neces-
sary to match the Fe velocities. We note that
the model fit of H16 (Figure 12 in their pa-
per) underestimates the photospheric velocity,
especially in the first two months. Their model
fit to the bolometric lightcurve is also not con-
vincing. Our model (Figure 7) requires an es-
pecially high 56Ni mass to fit the nebular phase
of the lightcurves. It fits the data well, with the
exception of a slow rise time. This lightcurve
is notable for having a short plateau, which in
our stellar evolution model could only be ade-
quately fit with a progenitor rotating at about
a third of the critical velocity.
3.6. ASASSN-14dq
ASASSN-14dq was discovered on 2014 UT
July 08.48 in the low-luminosity dwarf galaxy
UGC 11860 (Stanek et al. 2014). Observa-
tional data are taken from Singh et al. (2018).
Singh et al. (2018) estimated a mean distance
to the host galaxy of 44.8 Mpc using the stan-
dard candle method, with a total reddening
EB−V = 0.06 mag. Given the lack of existing
measurements of the metallicity of this galaxy,
Singh et al. (2018) estimated the metallicity
using various luminosity-metallicity relations.
They found a sub-solar oxygen abundance for
the host galaxy. Using model spectra gener-
ated for four 15 M SN progenitors (Dessart
et al. 2013) with metallicities of 0.1, 0.4, 1, and
2 Z, Singh et al. (2018) showed that the spec-
tra matched closely with those at a metallic-
ity Z = 0.4 Z. Using an analytic light-curve
model, they estimated the ejecta mass from
this SN to be ≈ 10 M, with an explosion en-
ergy of 1.8 foe, and a total 56Ni mass of 0.029
M. M18 found a progenitor ZAMS mass of
18.5-19.5 M and an energy of 0.86 foe. We
were unable to reproduce the lightcurves us-
ing a stellar evolution model with a metallicity
of 0.4 Z. Our best-fit model (Figure 8) in-
stead has Z = 0.7 Z. Given the gap between
the 0.4 Z and 1 Z data points in the model
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Figure 8. Same as Figure 3, but for ASASSN-
14dq
spectra used by Singh et al. (2018), and the
difference in mass between our progenitor and
the 15 M model, a metallicity of 0.7 Z is
quite plausible. Our model has a low ejecta
mass, comparable to that found by Singh et al.
(2018). However our model does not need an
exceptionally high explosion energy, with the
best fit giving 0.95 foe, about half the explo-
sion energy suggested by Singh et al. (2018),
but consistent with that of M18. It does need
a 56Ni mass about 2.5 times higher than that
found by Singh et al. (2018). It is however to
be noted that Singh et al. (2018) have found
that their derived 56Ni mass was much lower
than expected for the plateau duration of the
SN.
3.7. SN 2015ba
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Figure 9. Same as Figure 3, but for SN 2015ba. In
this case only B, V, R and I color curves are avail-
able, and comparing the UBVRI quasi-bolometric
curve from MESA to the BVri quasi-bolometric
curve derived from observations.
SN 2015ba was discovered on 2015 Novem-
ber 28.8071 UT in the galaxy IC 1029. Dasti-
dar et al. (2018) used a cross-correlation tech-
nique to determine the epoch of explosion, fi-
nally settling on a date 2015 November 23 (JD
2457349.7 ± 1.0) as the explosion date. Us-
ing a weighted mean of distances, they adopt a
distance of 34.8 ± 0.7 Mpc, and use a total red-
dening value of EB−V = 0.46 mag. We use their
values in this paper. The observational data
referenced here also comes from Dastidar et al.
(2018), but is less complete than that of the
other SNe studied in this paper. U-band ob-
servations are missing, and RI data are incom-
plete, so the quasi-bolometric lightcurve is cal-
culated using the BVri bands rather than the
standard UBVRI. This SN is notable for an un-
usually long, flat plateau, which ends in a sharp
drop of ∼3 magnitude. In fact, there does not
appear to be another well-studied Type IIP SN
with a plateau as luminous and long as that
of SN 2015ba (Anderson et al. 2014; Dastidar
et al. 2018).
Dastidar et al. (2018) find a 56Ni mass for
this SN of 0.032 M. Using analytical and
general-relativistic, radiation hydrodynamical
modeling, they estimate the ejecta mass at 22-
24 M and the explosion energy at 1.8-2.3 foe.
In our modeling we find that a similarly large
progenitor mass is necessary in order to pro-
duce a long lightcurve with a large drop in lu-
minosity in the nebular phase. However, even
using larger progenitor masses, we were unable
to fit the observed lightcurves for SN 2015ba
with the same precision that we obtained for
the other SNe in this paper. Our best model,
with a mass of 24 M, an explosion energy of
0.85 foe, and a 56Ni mass of 0.050 M, still
does a poor job of modeling the sharp drop-off
from the plateau to the nebular phase (see Fig-
ure 9). A small part of this inconsistency may
be due to our comparison of the UBVRI quasi-
bolometric lightcurve generated by STELLA
to the BVri quasi-bolometric curve derived
from observations, but we do not expect this
to be the major issue. U-band lightcurves tend
to fall off more gradually than the other bands,
due to cooling of the material and degradation
of photons. Given this shortcoming, our best-
fit parameters for SN 2015ba have greater un-
certainty than those for the other SNe modeled
in this paper. What is clear though is that
the progenitor mass is very high compared to
those of the other SNe, and likely in the same
ballpark as that estimated by Dastidar et al.
(2018).
3.8. SN 2016X
Of all the SNe investigated in this paper, SN
2016X is the least luminous, and has the short-
est plateau. It was discovered by the All Sky
Automated Survey for SuperNovae (ASAS-SN)
on 2016 January 20.59 UT in the nearby SBd
galaxy UGC 08041 (z = 0.004 408 from NED).
An explosion date of 2016 January 18.9 (JD
2457406.4) was adopted by Huang et al. (2018).
All observational data referenced here is taken
from Huang et al. (2018). They find a dis-
lightcurves of IIP SNe 13
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Figure 10. Same as Figure 3, but for SN 2016X
tance to the host galaxy of 15.2 Mpc using the
Tully-Fisher method, and a total reddening of
EB−V = 0.04 mag. Based on the photospheric
temperature, they estimate the radius of the
immediate progenitor at 860-990 R, corre-
sponding to a mass of 18.5-19.7 M. They
find a 56Ni mass of 0.034 M by comparison
to SN 1987A. Our best fit to the lightcurves
(Figure 10) gives significantly different param-
eters, with a ZAMS mass of only 11 M and
a radius of 536 R. Our value for 56Ni mass
agrees well with the estimate of Huang et al.
(2018). We find that the quasi-bolometric fit
for this SN is poorer than that of many oth-
ers examined in this paper. The plateau lu-
minosity would appear to suggest a lower ex-
plosion energy, but the relatively large Fe ve-
locities suggest the opposite. The comparison
shown in Figure 10 represents a compromise
between these two fitting parameters. Despite
the difficulty in matching the quasi-bolometric
lightcurve, the individual UBVRI lightcurves
compare fairly well, and clearly require a pro-
genitor mass well below the estimate of Huang
et al. (2018).
4. SUMMARY AND DISCUSSION
4.1. Quality of the Fits
In this paper we have simulated the quasi-
bolometric lightcurves, the UBVRI color
lightcurves and the photospheric velocities for
eight SNe, and compared these to the obser-
vational data. We have used the best-fit mod-
els to determine the properties of the explo-
sion, such as the explosion energy and 56Ni
mass, as well as the properties of the progen-
itor star, in particular the ZAMS progenitor
mass. The quasi-bolometric lightcurves and Fe
II 5169A˚ velocities for all the SNe covered in
this paper are shown in Figure 11.
Overall, we find that a good fit to the quasi-
bolometric curve typically results in a good fit
to the color curves, though this is less true in
the cases of SNe 2009bw and 2016X. The U and
B fits tend to be poorer than the V, R and I,
though these are still fairly good in most cases.
There is undoubtedly some leeway in the pa-
rameters for each SN, although the specific er-
ror in each case is difficult to quantify. Given
the good fit in most cases, we suspect that this
uncertainty is quite low, and we are confident
that in most cases the progenitor masses are
determined to within about a solar mass. Fig-
ure 12 gives the best-fit model for SN 2004et
alongside otherwise identical models with ±2
M at ZAMS. These models have clearly di-
verged from the best-fit: the 14 M model has
good Fe II 5169 velocity agreement but pro-
duces a less luminous and shorter plateau. Ad-
justing other parameters does not improve the
fit. The larger 18 M model does appear to fit
the lightcurve reasonably, but gives Fe II 5169
velocities that are too high. Adjusting these
to be more in line with the data would require
lowering the explosion energy, which would in
turn increase plateau length, thereby destroy-
ing the lightcurve fit.
There do not appear to be any significant de-
generacies, i.e. models with similar features
but drastically different parameters, among our
14 Ricks and Dwarkadas
40.5
41.0
41.5
42.0
42.5
lo
g(
L b
ol
) [
er
g 
s
1 ]
0 100 200
Time [days]
2
4
6
8
Fe
 II
 5
16
9 
V
el
oc
ity
 [1
00
0 
km
 s
1 ]
1999em
2004et
2009bw
2013ab
2014cx
ASASSN-14dq
2015ba
2016X
Figure 11. Comparison of (top) the quasi-
bolometric lightcurves and (bottom) the Fe II 5169
velocities for SN 1999em (Leonard 2002; Elmhamdi
et al. 2003), SN 2004et (Sahu et al. 2006), SN
2009bw (Inserra et al. 2012), SN 2013ab (Bose
et al. 2015), SN 2014cx (H16), ASASSN-14dq
(Singh et al. 2018), SN 2015ba (Dastidar et al.
2018), and SN 2016X (Huang et al. 2018).
model fits. Requiring matches to all of the
bolometric lightcurve, UBVRI color curves and
Fe II velocities helps to eliminate some degen-
eracy, as exemplified by the models mentioned
above. Goldberg et al. (2019) find that some
degeneracy exists between models with vari-
ous initial masses in MESA/STELLA when
matching both the bolometric lightcurves and
the Fe II velocities. However they did not addi-
tionally compare the UBVRI color lightcurves,
which would certainly help. Furthermore, they
argue that early-time Fe velocities, which are
shown to vary greatly based on explosion en-
ergy and the compactness of the progenitor
star, can be used to eliminate the degeneracy
in cases where there is not substantial CSM
present. Given the difficulty in obtaining the
early Fe II velocities mentioned in section 2, we
have used the photospheric velocity at early
times instead. All of our models succeed in
matching the early SN velocities, and we note
that these early velocities help us to elimi-
nate degenerate models even with some CSM
present.
In their comparison of Type IIP SN
lightcurves using the KEPLER and SNEC
codes, M18 often found much higher progeni-
tor masses than we find in this paper. However
they did not compute the Fe II 5169 velocities,
which, as shown in the above example, are es-
sential to breaking the degeneracy in progeni-
tor mass and explosion energy.
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Figure 12. Same as Figure 3, but for SN 2004et.
Models identical to the best-fit in all parameters
except ZAMS mass are shown as dashed (14 M)
and dotted (18 M) lines. Photospheric velocities
are not shown.
The SN progenitor models produced using
MESA and STELLA were found to be quite
capable of reproducing the lightcurves and
lightcurves of IIP SNe 15
photospheric velocities of Type IIP SNe. We
used the sample routines as described in Pax-
ton et al. (2018) to carry out the stellar evolu-
tion modelling and the SN explosion, modify-
ing a minimal number of parameters required
to get the evolution correct. We did not change
the technique employed to explode the SN. In
our work, we found that there are certain fea-
tures of the lightcurves which STELLA seems
to have difficulty with. The U and B color
curves tend to fit much worse than the V, R
and I curves, especially at later times. (We ad-
dress this in detail at the end of this section.)
Furthermore, the rise time in our models is gen-
erally too long. Some of this may be due to the
uncertainty in the explosion times. M18 make
the observation that STELLA produces rise
times 3-5 days longer than those obtained using
SNEC, which we appear to see in our models.
Additionally early peaks in the lightcurves tend
to be a problem for STELLA, especially when
using a large number of frequency bins. Al-
though the addition of a large amount of CSM
does help in this regard, it often proves inad-
equate, such as for SNe 2004et, 2009bw and
2015ba.
We furthermore found the modelling of sev-
eral sub-luminous SNe, including SN 2009N
and SN 2005cs, to be problematic using the
techniques outlined herein. Reproducing the
dim plateaus of these SNe proved difficult with-
out the use of exceedingly low explosion ener-
gies, which resulted in significantly lower Fe II
5169 velocities. Adjustments to mixing length
and overshooting appear to be promising av-
enues towards reproducing these sub-luminous
lightcurves, and will be explored in future
work. Notwithstanding all this, STELLA
generally does an excellent job reproducing
the most important features of standard SN
lightcurves, and is an excellent addition to the
suite of tools available to a SN astronomer.
The majority of the fits presented in this pa-
per indicate SN progenitor masses that over-
lap with some of the previous estimates, with
the exception of SN 2016X. We find that the
MESA and STELLA combination used in this
paper tends to give lower progenitor masses
than previous hydrodynamical modeling tech-
niques (see §3.2), and typically agrees with the
general-relativistic, radiation-hydrodynamical
code that has been used to model SNe 2009bw,
2013ab, 2014cx and 2015ba by Inserra et al.
(2012), Bose et al. (2015), H16, and Dastidar
et al. (2018), respectively. The modeling done
by M18 using SNEC agrees with our own in
the cases of SNe 2004et and 2013ab, but pro-
duces significantly higher progenitor masses for
SNe 1999em, 2014cx, and ASASSN-14dq.
In order to study the differences between our
model fits and those calculated by others, we
have input the best-fit parameters obtained by
other codes in our MESA/STELLA combina-
tion. Figure 13 shows our best-fit model for SN
2014cx alongside models produced in MESA
using the explosion parameters derived by H16
and M18, as given in §3.5. While the origi-
nal KEPLER/SNEC model presented in M18
lines up quite well with observational data,
our M18-inspired MESA model shows a much
larger discrepancy with the observational data.
56Ni mixing, discussed in detail below, may ac-
count for some of this divergence. In the case of
H16, the original general-relativistic, radiation-
hydrodynamics code model presented in their
paper did not fit the data as accurately as ours
or M18’s. However, the MESA recreation of
this model does not even properly reproduce
the shape of the lightcurve. We were forced to
reuse our rotating 12M model in this case, as
MESA failed to explode a similarly sized non-
rotating model, but the presence of rotation
should not cause nearly the degree of varia-
tion we observe here. Due to the complexity of
these codes and the large number of parameters
involved, the reasons for such significant dis-
agreement between the three remain unclear.
However, it is clear that the differences in the
best-fit parameters arise to a substantial de-
gree due to the differences in the codes them-
selves, both in the stellar evolution modelling
and the light-curve modelling. An unfortunate
conclusion from this may be that results from
all codes are suspect. However, in our opinion
the results from MESA + STELLA appear to
be more in line with observations. To be cer-
tain, MESA also has its shortcomings, but the
large user base makes it likely that problems
will be caught early. To the developers credit,
they are continually and actively working to
add more physics modules, while improving the
code and fixing errors, as the series of MESA
papers shows.
In the past, hydrodynamical models of Type
IIP SNe generally required much higher pro-
genitor ZAMS masses. This has been at-
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Figure 13. Same as Figure 3, but for SN 2014cx.
Our best-fit model, as given in §3.5, is shown
in solid lines. Models created with MESA and
STELLA using the best-fit parameters of H16 and
M18 are shown as dashed and dotted lines, respec-
tively. Photospheric velocities are not shown.
tributed to the use of non-evolutionary mod-
els, or spherically symmetric models that do
not take hydrodynamic instabilities and mixing
into account. Both these problems are recti-
fied in this version of MESA and STELLA to
some degree. Although the SN explosion mod-
els are one-dimensional, they do take the multi-
dimensional effects of the Rayleigh-Taylor in-
stability and mixing into account using the pre-
scription by Duffell (2016). The Duffell RTI
scheme is applied by MESA to 56Ni mixing
during the SN explosion. The degree of 56Ni
mixing has been shown to have a significant
effect on SN lightcurves, and this process has
typically been handled in the past by adding
56Ni uniformly out to a chosen mass coordinate
(Bersten et al. 2011; Morozova et al. 2018).
MESA takes a different approach, first adding
56Ni uniformly out to a mass coordinate consis-
tent with 3D simulations (see Figure 27 in Pax-
ton et al. (2018)) just before the shock reaches
the H shell. The 56Ni distribution is then al-
lowed to evolve through the Duffell RTI un-
til just before shock breakout, at which point
the resulting distribution is rescaled in place
to match the chosen total 56Ni mass. This
dynamic process produces a smoothly mixed
final distributions like those shown in Figure
14, which vary as expected with ZAMS mass
but are generally consistent. In our runs we
have not altered the default parameters used by
MESA for the Duffel RTI, since it was shown
in Paxton et al. (2018) that the effect is rela-
tively small.
As noted above, the U and B color curves
in our models often fall off faster than the ob-
servations at later epochs. A similar behav-
ior was noted by Blinnikov et al. (2006) when
using STELLA. They attributed it to a large
degree of 56Ni mixing, which leads to a more
rapid evolution. This is exactly the behavior
that we see for instance in SN 2016X (Figure
10, where the early-time U-band flux matches
the peak well, but decreases faster than the
observed flux. In the case of ASASSN-14dq
(Figure 8) the U-band flux is somewhat higher
than the observed flux at early times, but lower
than the observed one at late times. It is possi-
ble that reducing the mixing may be beneficial
to the late-time lightcurves, but may affect the
early time flux adversely, as well as the other
colors. It may be necessary to somehow reduce
the mixing proportionately in the outer layers,
which is beyond the scope of this work.
4.2. Explosion and Progenitor Properties
In §1 the RSG problem was brought up, as-
serting that RSGs which exploded to form
Type IIP SNe had ZAMS progenitor masses
≤ 17 − 19M. Though the X-ray limit is
not well constrained, what is important is that
a mass limit exists, which is lower than the
maximum mass of a RSG, as deduced from
stellar evolution theory. A partial explana-
tion may arise from theoretical modelling, with
Sukhbold et al. (2016) claiming that only about
10% of SNe arise from stars > 20M, and
lightcurves of IIP SNe 17
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Figure 14. Abundances of key species at 50 days post explosion for our best-fit models of SN 2013ab (11
M, left), SN 2014cx (16 M, center), and SN 2015ba (24 M, right).
some of these are Type Ib or Ic. They find
that there are only small ‘islands’ of progeni-
tor masses above 20 M, where stars undergo
core-collapse to form a SN.
For the most part our results are consistent
with the assertions of Sukhbold et al. (2016). 7
of our 8 SNe indicate progenitor masses lower
than 18 M. The fit to SN 2015ba suggests a
ZAMS mass in excess of this value, although
the poor quality of the fit does not allow for
any firm conclusions, especially given that the
lightcurve does not resemble the other Type
IIP SN lightcurves studied herein (see Figure
11). Given our small sample size, and the fact
that many of these SNe were thought to have
much larger progenitor masses in the past, 1
out of 8 or 12.5% having a progenitor mass
above 20 M is in keeping with theoretical ex-
pectations.
The 56Ni masses presented in this paper are
obtained directly from the fits, without appeal-
ing to (semi-)analytic values or comparing to
another SN such as SN 1987A. They appear
well constrained, as the 56Ni mass almost ex-
clusively determines the luminosity of the ra-
dioactive tail of the plateau for a given ZAMS
mass. Many of the 56Ni masses referenced
in the literature are derived by comparison to
the bolometric lightcurve of SN 1987A, as in
Hamuy (2003). Our values are generally larger
than those previously found, with the excep-
tion of SNe 2013ab and 2016X. However, they
still show a direct correlation between 56Ni
mass and tail luminosity.
Mu¨ller et al. (2017) calculated a relation be-
tween 56Ni mass and plateau luminosity:
log(
M56Ni
M
) = 1.55+0.16−0.14 log(
Lpl
L
)− 14.51+1.31−1.24
(1)
Where Lpl is the bolometric luminosity at 50
days post explosion. The values obtained from
our fits are in reasonable agreement with this
relation (see Figure 15), and are also in agree-
ment with relations found by Pejcha & Prieto
(2015).
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Figure 15. The relationship between 56Ni mass
and bolometric luminosity at 50 days for our mod-
els plotted against the correlation found by Mu¨ller
et al. (2017). The linear relation and its intrinsic
width are shown as solid and dashed lines, respec-
tively.
The explosion energies for the various SNe
derived from our model fits do not compare
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well with those found in previous work. No
clear pattern emerges between explosion en-
ergies derived from STELLA and those from
either SNEC or general-relativistic radiation-
hydrodynamical models. As noted though
many of the fits calculated with the latter
seemed to underestimate the photospheric ve-
locities, and would therefore suggest a higher
explosion energy. Figure 16 shows the com-
parison of our values with the relation be-
tween 56Ni mass and explosion energy de-
rived for a large sample of SNe by Mu¨ller et al.
(2017), using the scaling relations of Litvinova
& Nadezhin (1985):
log(
M56Ni
M
) = 1.74+0.30−0.24 log(
Eexp
1050
)− 3.18+0.25−0.23
(2)
A similar relation was also derived by Mu¨ller
et al. (2017) using the scaling relations of
Popov (1993):
log(
M56Ni
M
) = 1.30+0.28−0.21 log(
Eexp
1050
)− 2.62+0.21−0.16
(3)
Our values indicate a higher 56Ni mass for a
given explosion energy compared to both cal-
ibrations, with a large spread in values. The
systematic errors in our estimations are diffi-
cult to quantify, given that they may depend
on factors in the stellar evolution, the explosion
mechanism, or the mixing. A larger sample size
of SNe might perhaps provide a stronger cor-
relation, but given that all eight of our SNe
fall above both Mu¨ller et al. (2017) relations,
this seems unlikely. M18 show how the explo-
sion energy can vary depending on the degree
of 56Ni mixing. Pejcha & Prieto (2015) show
that there is an inherent degeneracy between
56Ni mass and explosion energy that makes the
correlation weak. It is clear from Figure 3 in
Mu¨ller et al. (2017) that although there may be
a correlation between the 56Ni mass and explo-
sion energy, the scatter in the values is large.
Fig. 10 in M18 shows an equally large spread
of values.
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Figure 16. The relationship between 56Ni
mass and explosion energy for our models plot-
ted against the correlations found by Mu¨ller et al.
(2017) using the scaling relations of Litvinova
& Nadezhin (1985) (black) and Popov (1993)
(brown). The linear relations and their intrinsic
widths are shown as solid and dashed lines, respec-
tively.
5. CONCLUSIONS
We have used the STELLA code included
in the newest release of MESA to determine
the progenitor properties for a sample of eight
Type IIP SNe. We find that the version of
STELLA provided is adequate to model both
the lightcurves and Fe II 5169 velocities for a
wide range of SNe. It is able to provide reason-
ably well-constrained SN parameters such as
the progenitor ZAMS mass, total explosion en-
ergy and synthesized 56Ni mass, among others.
In the past, hydrodynamical models have gen-
erally returned progenitor ZAMS masses much
higher than those derived by optical progeni-
tor identification, via X-ray or radio modelling,
or late-time spectral modelling. This was also
true to some degree in the work of M18. In
our work we do not find this. Of the eight SNe
investigated in this paper, we find that seven
have progenitor ZAMS masses ≤ 18 M, with
most in the 11-14 M range. These results
are in agreement with past reports indicating
that the majority of observed Type IIPs have
low mass progenitors. We do find one excep-
tion in SN 2015ba, whose lightcurve is clearly
atypical compared to other Type IIP SNe (Fig-
ure 11). This SN requires a ZAMS mass likely
around 24 M, though our inability to accu-
rately reproduce the lightcurve of this particu-
lar SN introduces large uncertainties into this
result. We note that this is not completely un-
lightcurves of IIP SNe 19
expected - Sukhbold et al. (2016) claim that
while most Type II SNe should arise from be-
low 20 M, ∼ 10% of SNe arise from higher
mass stars.
The 56Ni masses in our study, although high,
appear to fit within the calibration of Mu¨ller
et al. (2017) for the 56Ni mass against the
plateau luminosity at 50 days. This would per-
haps question the accuracy of 56Ni masses de-
rived from comparisons with the 56Ni value in
SN 1987A. However, when plotted against the
explosion energy following the relationships de-
rived by Mu¨ller et al. (2017), we find that our
56Ni masses appear high for the derived en-
ergy. Overall, while accepting that our dataset
is small, our values do not reflect tight rela-
tionships between any of the parameters 56Ni
mass, explosion energy, progenitor mass and
plateau luminosity. We agree with the results
of both Pejcha & Prieto (2015) and Gutie´rrez
et al. (2017) which find that SN explosions are
not described by a single parameter but by a
range of parameter values.
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